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TO ALL WHOM IT MAY CONCERN: 

Be it known that we, Roger L. Frick, a citizen of The United 
States of America, residing at 993 North Widow Lake Road NW, Hackensack 
56542, in the State of Minnesota and Charles R. WiHcox, a citizen of The 
United States of America, residing at 16128 Bay wood Lane, Eden Prairie 
55346, in the State of Minnesota have invented a new and useful 
"INTEGRATED TRANSPARENT SUBSTRATE AND DIFFRACTIVE OPTICAL 
ELEMENT," of which the following is a specification. 



INTEGRATED TRANSPARENT SUBSTRATE AND DIFFRACTIVE 

OPTICAL ELEMENT 

Cross-Reference to Related Applications 

This application claims the benefit of U.S. Provisional Application No. 
60/223,503, filed August 7, 2001 , U.S. Provisional Application No. 60/223,508 filed 
August 7, 2000, and U.S. Provisional Application No. 60/271,103 filed February 23, 
2001. 

Field of the Invention 

The present invention relates generally to integrated optical circuits and more 
specifically integrated optical circuits based on diffractive optical elements mounted 
on a transparent optical substrate. 

Background of the Prior Art 

It has been proposed that integrated optical circuits could be constructed by 
mounting reflective planar optical elements on a transparent substrate and coupling 
the elements by means of internal reflections from the mirrored surface of a 
transparent substrate. The planar optical elements would direct, focus or otherwise 
diffract an incident optical signal in a desired manner. This approach would allow 
complex optical devices to be constructed and interconnected in a planar fashion 
similar to electrical integrated circuits 

This approach has had limited success because of inherent reflection losses 
and the difficulty of constructing planar elements that are efficiently coupled to the 
internal optical signal. Mirrored surfaces of the substrate are commonly constructed 
by applying a thin film of metal to a transparent substrate, but known thin film 
materials have losses of several percent, and the signal strength is lost exponentially if 
multiple reflections are necessary. Further, if the planar optical elements are not in 
intimate contact with the substrate surface there can be large losses associated with 
getting the optical signal out of and back into the substrate. 

Diffractive optical elements (DOEs) are ideally suited for the reflective planar 
optical elements since they can be integral with the surface, but they suffer from 
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several deficiencies. They typically require a metallic coating to operate in the 
reflective mode and this results in the loss of optical signal. If the dimensions of the 
diffracting objects in the DOE are much larger than the wavelength of light in the 
substrate they will diffract the light into modes other than the desired mode, which 
5 can result in a loss of efficiency and cause undesirable errors such as crosstalk. This 
problem can be somewhat minimized by using blazed grating patterns in which the 
objects are shaped to preferentially diffract light in a desired direction. A sawtooth 
blazed diffraction grating is an example, typically fabricated using a shaped engraving 
tool. Nevertheless, the three dimensional nature of blazed gratings makes them 
10 difficult to fabricate on the surface of an optical substrate, however, diffraction of 
light into undesired modes and directions is still a problem. 

If the dimensions of the diffracting objects approach the wavelength of light, 
the undesired modes or directions can be minimized or eliminated by the proper 
selection of incident angles and size of the diffracting objects. Such a device is 
15 generally known as a holographic optical element (HOE), which is a subset of DOEs. 
If these devices are constructed by means of patterning the depth of a reflective 
surface they are known as surface relief or phase holograms since the different depths 
of the diffracting surface cause varying phase shifts in the diffracted light. These 
phase shifts can be adjusted to cause constructive interference of light in the desired 
20 direction or mode of the directed light signal by adjusting the depth of the pattern. If 
the pattern of refracting objects is coated with a reflecting metal film, losses could be 
as low as a few percent since very little of the light energy is absorbed in such a 
device. In practice, however, it is difficult to construct such a device on the surface of 
a substrate in a manner that exhibits high efficiency and can be efficiently 
25 manufactured. Electron beams can directly write patterns of these dimensions onto a 
substrate but this is a very slow and expensive process and does not lend itself to 
producing the surface relief required for a phase type hologram. Embossing is used to 
reproduce surface type holograms on transparent plastics (e.g. credit card security 
holograms) but the tolerances and stability of these materials are not suitable for most 
30 applications. 

On the other hand, volume holograms can also be created by exposing a 
photographic emulsion to a pattern of interfering laser light. A pattern of diffracting 
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objects is created within the volume of the emulsion. HOEs constructed with this 
method can have high efficiency, but they are notoriously difficult to produce and are 
subject to deterioration due to environmental effects. 

As would be evident from the above problems, there is a need for a method of 
5 forming an optical integrated circuit based on diffractive optical elements on the 
surface of a transparent substrate with high optical efficiency that can be mass- 
produced at a relatively affordable cost. 

Summary of the Invention 

10 In one embodiment, provided is an integrated optical device having an optical 

substrate, wherein an incident light signal is propagating within the substrate in a 
primary direction of propagation reflecting off a top surface of the substrate under 
total internal reflection. The integrated optical device also has a diffractive optical 
element having a plurality of spaced-apart members formed of an optically 

15 transparent material and that are disposed above the top surface of the substrate such 
that the incident light signal is reflected within the substrate along a desired direction 
of propagation. 

In accordance with an even further embodiment, provided is a diffraction 
grating for use with an optically transparent substrate and having a plurality of 

20 members formed of a second optically transparent material and disposed on a top 
surface of the substrate. The members are spaced apart a spacing distance and have 
member widths. The sum of the spacing distance and the member width is chosen 
such that a light signal traveling within the substrate under total internal reflection off 
the top surface in an incident direction of propagation and incident upon the 

25 diffraction grating is reflected into a first diffracted order propagating within the 
substrate in a reflected direction of propagation. The reflected direction of 
propagation defines an angle with respect to the incident direction of propagation and 
the reflected light signal is propagating within the substrate under total internal 
reflection. 

30 In accordance with another embodiment, provided is a method of routing an 

incident light signal. The method includes a step of transmitting the incident light 
signal in an optical substrate under total internal reflection off of a top surface of the 
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substrate. Performed in another step of the method is a step of disposing a plurality of 
spaced-apart strips above the top surface of the substrate for receiving a portion of the 
incident light signal. The strips are disposed such that the strips form a diffraction 
grating that reflects the incident light into a first diffracted order propagating within 
5 the substrate in a reflected direction of propagation defining an angle with respect to 
an incident direction of propagation and propagating within the substrate under total 
internal reflection. 

In accordance with another embodiment, provided is an integrated optical 
device having a substrate formed of an optically transparent material and having a 

10 light signal traveling within the substrate under total internal reflection. The 
integrated optical device also has a first diffractive optical element formed of a first 
plurality of spaced-apart members disposed above a top surface of the substrate so as 
to reflect the light signal within the substrate in a desired direction of propagation. 
Furthermore, the integrated optical device has a second diffractive optical element 

15 formed of a second plurality of spaced-apart members and disposed above the top 
surface of the substrate to receive the reflected light signal from the first diffractive 
optical element and disposed to output the reflected light signal for propagation 
within the substrate. 

20 Brief Description of the Drawings 

FIG. 1 is a cross-sectional illustration of a holographic optical element in 
accordance with an embodiment. 

FIG. 2 is a perspective view of the holographic optical element of FIG. 1 
showing the direction of a reflected light beam. 
25 FIG. 3 is a graph of angle 0 P versus grating period over wavelength for an 

exemplary HOE. 

FIG. 4 is a graph of the HOE strip thickness versus HOE efficiency for an 
exemplary HOE. 

FIG. 5 is a side view of the holographic optical element of FIG. 1 used as a 
30 demultiplexer to separate out an input signal into various constituent wavelengths. 

FIG. 6 is an illustration of an exemplary structure for coupling an optical 
signal into a substrate for traveling therein under total internal reflection. 
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FIG. 7 is a side view of an alternative way of coupling light into the substrate 
for total internal reflection. 

FIG. 8 is a cross-sectional view of an alternative HOE in which strips forming 
the HOE are disposed above the optical substrate. 

5 

Description of the Preferred Embodiment 

The presently disclosed embodiments solve the above-described problems by 
providing an optical device incorporating diffractive optical elements positioned on a 
transparent substrate that can be fabricated with standard MEMS materials and 

10 fabrication techniques. With the disclosed teachings, numerous optical elements can 
be formed including diffractive elements reflecting incident light. The preferred 
embodiments below illustrate a diffractive optical element in the form of a HOE that 
forms a virtual mirror, which may be used in conjunction with an optical substrate. 
None of the embodiments provided requires a reflective coating. Nevertheless, non- 

1 5 HOE diffractive optical elements could be used. 

In lieu of reflective coatings the HOE and substrate hereinbelow are adapted to 
affect light traveling within an optical substrate under total internal reflection. Total 
internal reflection (TIR) is a very low loss optical phenomenon, leading to high 
efficiency operation in the disclosed devices. The diffracting objects in the HOE 

20 itself preferably diffract light by means of total internal reflection to minimize losses. 
In addition, the depicted HOEs are designed to only allow one diffracted mode to 
exist, which further reduces losses. The HOEs are preferably constructed as phase 
holograms that suppress the reflected m= 0 mode thus allowing overall efficiency to 
approach 100%. The HOEs cooperate with the optical substrate to reflect an incident 

25 light traveling therein such that the reflected light also propagates within the substrate 
under TIR, which allows many HOEs to be optically connected with a high overall 
device efficiency. 

While diffractive optical elements such as these generally described above are 
shown, it would be understood that the present disclosure provides more broadly for a 
30 system of building optical devices and that the optical devices that may be built are 
many. In fact, the present disclosure shows a series of integrated substrate and 
diffractive optical element components, or devices. These integrated components can 
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form many optical devices such as reflectors, collimators, diffraction gratings, beam 
splitters and variable attenuators. The integrated substrate and diffractive optical 
element could also function as a converging or diverging lens. As the descriptions 
below indicate, the disclosures provide a way of reproducing hologram patterns that 
5 could serve numerous functions. 

FIG. 1 shows a cross-sectional side view of an HOE 100 and an optical 
substrate material, which in the preferred embodiment is optically transparent. More 
specifically, the substrate 102 should be optically transparent in the infrared region 
such as the C band used for wavelength division multiplexed (WDM) infrared optical 
10 long distance communication. This band encompasses wavelengths from 1 528 nm to 
1621 rati nanometers but operation in other optical communications bands is also 
envisioned. The substrate 102 may be made of various materials such as sapphire or 
quartz or another substrate material suitable for propagating a light signal under TIR 
and for serving as an etch-stop for a photolithography process, as explained in more 
15 detail below. 

An incident light beam 104 is traveling through the substrate 102 under total 
internal reflection, which as would be known occurs above a critical angle of 
incidence at the outer surface boundary of the substrate 102. In the preferred 
embodiment, the substrate 102 has a top surface 106 above, which is disposed air. 

20 The index of refraction of the substrate and the index of refraction of air define the 
critical angle for total internal reflection within the substrate. 

An angle of incidence, 0, is shown in FIG. 1 measured from a normal to the 
top surface 106 and extending into the substrate 102. For a sapphire substrate 102 
surrounded by an air boundary, the critical angle is approximately 35°, and so 0 is to 

25 be at or above this value for TIR propagation. That is, the light beam 104 can be 
made incident upon the top surface 106 at angles above the critical angle and still 
facilitate HOE 100 operation. While in the preferred embodiment, air is disposed 
above the top surface 106, other materials may be disposed above the substrate 102 so 
long as these materials have an index of refraction less than that of the substrate 102 

30 to establish the TIR conditions. Further, while TIR off of the top surface 106 and a 
bottom surface 107 of the substrate 102 offers the most efficient design with the least 
cost, one could alternatively have TIR on the top surface 106 and use mirrors or a 
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reflective coating on the bottom surface 107 to reflect the light beam 104. Similarly, 
a cladding layer could be used below the bottom surface 107. 

The HOE 100 is formed of individual diffracting members 108, of arbitrary 
shape, disposed directly on the top surface 106. The members 108 could consist of 
5 arbitrarily shaped dots, curved or straight strips or other shapes forming a diffracting 
pattern that performs a desired modification of an incident light signal. Examples of 
such patterns are patterns that form diffraction gratings or mirrors of arbitrary 
curvature. If the members 108 were dots in an arrayed pattern, the HOE 100 could be 
made to function as a beam splitter receiving the input 104 and reflecting portions of 
10 the input into any number of output directions. Such dots could have circular, oval, 
cross, or square shapes, and the HOE 100 pattern formed of the members 108 could 
create a 1x2 or lxN splitter depending on the spacing between the dots. 

In the illustrated embodiment, the members 108 are formed of an optically 
transparent material. These members 108 create a HOE performing the function of a 
15 tilted mirror. The geometry of the members 108 will affect the properties and 
operation of the HOE 100. The embodiment of FIG. 1 shows the members to be 
strips 108 formed in direct physical contact with the top surface 106, though these 
strips 108 could be disposed slightly above the top surface 106, as well (see, FIG. 8). 
The strips 108 may be formed of a single crystal silicon, poly-silicon, 
20 amorphous silicon, alumina, sapphire, silicon-nitrite, germanium silica or other 
optically transparent material which is also processable using a 1 or .5 micro- 
electromechanical systems (MEMS) processing technique. The preferred material is 
poly-silicon since it is transparent at the desired operating frequencies, can be easily 
processed with MEMS processes and has a high refractive index. Only a few strips 
25 108 are exemplarily shown, but in operation there would typically be a larger number 
of such strips to ensure that the light beam 104 is incident upon some part of the HOE 
100. Further, the strips 108 are shown in cross-section and actually would extend into 
and out of the illustration, as depicted in FIG. 2. 

The strips 108 have a width V and are spaced apart on the top surface 106 a 
30 distance 'c\ Grating period V is equal to the sum of these two values. The HOE 
100 reflects incident light 104 into light beam 116, and the width 'a' affects the 
wavelength of light the HOE 100 is optimized to reflect. In the preferred 
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embodiment, the width U>' is equal to width V, yet the widths may be non-equal, if 
so desired. Strip thickness and width can be adjusted to maximize the intensity of 
the reflected light. Additionally, there could be intra-width variation, wherein the 
width 'b' could vary (e.g., bl, b2, b3, etc.) and the width V could vary (e.g., cl, c2, 
5 c3, etc.). For example, a HOE could be formed with different 'a' values (al, a2, a3, 
etc.) where 'a' varies continuously, such that al >a2>a3>etc. An exemplary 
apparatus could be used to reduce dispersion in the reflected signal or to increase 
the amount of dispersion therein, as might be useful in demultiplexing applications. 
As the strips 108 form a grating pattern, exact dimensional precision is not necessary 
10 to produce a functioning device. The aggregate affect of the strips 108, and spacings 
therebetween, is to minimize inexactness in the sizing of any particular strip 108. It is 
preferred, nonetheless, that the HOE 100 have V periodicity, i.e., that V is 
substantially the same throughout the HOE 100. In this way, 'a' is more influential 
on HOE 100 operation than V or V. In an exemplary structure, width 'a' would be 
1 5 on the order of 1 .5 jam, i.e., on the order of the wavelength of incident light, which is 
about .9 ^im for the C band in a sapphire substrate. 

The strips 108 are shown in cross-section and extend out of the illustrations. 
The strips 108 extend in parallel planes that are each at an acute angle to the plane of 
the propagation of the light 104, i.e., the plane of the illustration. This can be seen 
20 from FIG. 2. The strips 108 are linear and parallel in the preferred embodiment, but 
non-linear strips may be used. For example, curved strips may be used to create a 
HOE that acts as a focusing mirror. Furthermore, the strips 108 are oriented 
perpendicularly to a line-bisecting angle 8 P , shown in FIG. 2. 

In operation, the strips 108 cooperate with the top surface 106 to define a 
25 diffraction grating pattern or tilted mirror. The incident light 104 hits the pattern and 
is reflected, as shown and described below. Thus, the HOE 100 acts as a reflective 
element. 

At the top of the substrate 102, the spacings V between the strips 108 
together form a interface layer 110, which is an air-substrate interface layer. As the 
30 light beam 104 is traveling in the substrate 102 under total internal reflection, a 
portion of the light beam 104 is diffracted at the interface layer 110 under total 



internal reflection. That is, a first portion of the light beam 104 is incident upon the 
air-substrate interface layer 1 10 and is diffracted by the reflective action of the spaces 
between the strips 108. Since these spaces are on the order of the wavelength of the 
incident light, diffraction occurs rather than plane-wave reflection. A second portion 
of the light beam 104 incident upon the HOE 100 is incident upon that portion of the 
top surface 106 below the strips 108. Here, the strips 108 will absorb light energy 
from the substrate and act like low loss waveguide resonators bounded on a top 
surface 112 and side surfaces by a lower index of refraction material — air in the 
preferred embodiment. Thus, there is TIR reflection within the strips 108 as well as 
the TIR propagation within the substrate 102. A standing wave is essentially created 
in the strips 108, and absorbed light will eventually leave the strips 108 and reenter 
the substrate 102 phase shifted from the light reflected by the interface layer 110. If 
the strips 108 have a higher index of refraction than the substrate 102, efficiency is 
further improved since the standing waves also are bounded by a lower surface with a 
transition to a lower index of refraction. The effect of the strips 108 and the interface 
layer 110 is to collectively diffract the light beam 104 into a m=-l mode that 
propagates within the substrate 102. Light beam 116 represents this reflected signal, 
while path 114 is the path light beam 104 would travel within the substrate 102 if 
unaffected by strips 108. Path 114 could also coincide with the m=0 mode of the 
HOE diffraction pattern where destructive interference has minimized the output. 

FIG. 2 shows the propagation of the reflected light beam 116. The 
propagation path 116 travels in a plane that is at an angle, a or 0 P , to the plane of 
propagation of the light beam 104. Thus, propagation path 116 travels in a plane 
extending out of the illustration of FIG. 1. Having the reflected light beam 116 travel 
in a second direction of propagation allows the HOE 100 to spatially separate out the 
reflected signal path from the signal path of the incident propagating beam and, 
therefore, suggests the use of the HOE 100 as a way of switching an output. For 
example, if a beam is made to propagate under TIR in a direction incident upon the 
HOE 100 the beam will be switched, whereas if the beam is made to propagate along 
another path not incident upon the HOE 100 it will propagate along its original 
propagation path. 
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The angle of reflection, 0 P , created by the HOE 100 depends on numerous 
factors, including the strip periodicity c a\ the angle of incidence 0, and the 
wavelength of the light A. A sample graph showing the relationship between 0 P and 
these variables is shown in FIG. 3. FIG. 3 plots angle 0 P on the x-axis and 'a7A on 

5 the y-axis for various angles of incidence 0. FIG. 3 assumes that the angle of 
incidence 0 is the same before and after interaction of the light with the HOE such 
that TIR in the substrate is maintained. As can be seen, for 0=35°, 'aVA of 1.5 will 
result in 0 P of approximately 110°. Similarly, with 0=45° an 'aVA, of 1.5 will result in 
0 of approximately 125°. The graph also shows that, in this example, 0 can range 

10 from about 90° to about 145° depending on the parameters. The graph also shows 
exemplary ranges on 'a\ though 'a' ranges generally extend from approximately .5X 
to AX depending on parameters. The graph of FIG. 3 also shows a forbidden region, 
extending above a line F, within which light is reflected into more modes than just the 
m— 1 mode. 

15 Returning to FIG. 2, another apparent feature of the HOE 100 is that light path 

116 travels within the substrate 102 under total internal reflection. This is desirable to 
reduce losses on the reflected signal. The reflection into a totally internally reflected 
path is achieved by adjusting the grating periodicity 4 a'. 

The strips 108 are disposed to couple a portion of the light beam 104 traveling 

20 in the substrate 102 by being placed in direct contact with top surface 106 of the 
substrate 102. The present disclosure, however, is not limited to the illustrated 
embodiment. Instead, an HOE may be disposed entirely above the top surface 106 
and still be coupled to light traveling within the substrate 102. As is known, light 
reflected at a boundary interface under total internal reflection produces an evanescent 

25 field extending above the boundary interface. An HOE may be coupled to this 
evanescent field, i.e., without the strips in direct physical contact with the substrate, 
and still affect the light traveling within the substrate. Frustrated total internal 
reflection operates on this principle. Such an alternative is described below with 
respect to FIG. 10. 

30 Strip thickness establishes a phase shift between the light diffracted from the 

interface layer 110 and the light from the resonator strips 108. In the preferred 
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embodiment, the thicknesses for all strips 108 are identical. Furthermore, the 
thickness is chosen to maximize the amount of the incident light 104 reflected into 
light path 116. A graph showing HOE efficiency versus silicon strip thickness is 
shown in FIG. 4. In this exemplary graph, the substrate is made of sapphire, the 
5 incident beam is TE polarized, c a'=1.5 |im, X=l.55 |im, 0-45°, and c|)=65.3 0 . As is 
shown, there are numerous strip thickness which produce very high efficiency. 
Efficiency peaks occur at approximately 1.55 |J,m, 1.84 |im, and 2.15 \xm. This graph 
is merely representative, however, and lower thicknesses may be used. For example, 
as the thickness of the strips 108 is to be chosen to impart the appropriate phase shift 
10 on the absorbed light, multiple harmonics of a particular thickness would impart the 
same phase shift, and therefore, could be used. Preferred thickness for strips 
consisting of poly-silicon fabricated with MEMS processes are .5 jam to 3 (am. 

An additional advantage of the HOE 100 is that strip thickness allows 
structures to be formed that are substantially independent of the polarization state of 
15 the incident light beam. This performance feature is known as polarization dependent 
loss, a design requirement set-forth by the industry Telecordia standard GR1073. We 
have found that for any incident linear polarization state HOE efficiencies over 90% 
are theoretically achievable. 

To form the strips 108, a process of depositing a film of poly-silicon, or other 
20 material, on the sapphire substrate 102 can be used. Alternatively, a single crystal 
silicon can be epitaxially grown on the sapphire substrate 102. In either case, with the 
poly-silicon layer or the single crystal silicon layer formed on the top surface 106, 
standard 1 jam or .5 \xm MEMS photolithography techniques can be employed to form 
the desired grating pattern in a photoresist layer and the pattern can be etched into the 
25 silicon using standard MEMS etching techniques similar to the commercially 
available multi-user MEMS process (MUMPs™). The sapphire substrate 102 
provides an etch stop so that the height of the strips can be accurately controlled. 

The HOE 100 and integrated substrate 102 can be used in various applications 
to perform various optical functions. One is exemplified in FIG. 5 where the HOE 
30 100 acts as a demultiplexer. HOEs are wavelength dependent in operation. Thus, if 
the input light beam 120 contains light of more than one wavelength, such as beams 
carrying multiple channels in a dense wavelength division multiplexed (DWDM) 
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systems, the different wavelengths will be diffracted by the HOE 100 at different 
angles. This phenomenon can be used to separate out the different wavelengths of the 
input light beam 120 into different components, exemplarily shown as propagation 
paths 122a, 122b, and 122c. Each of the different propagation paths 122a-c would be 

5 in a separate plane where each plane would be at a different angle to the plane of the 
propagation path 104. The propagation paths 122a-c, nonetheless, would all 
preferably travel in the substrate 102 under substantially total internal reflection. The 
HOE 100 can be made to operate as a demultiplexer by coupling the various 
propagation paths 122a-c into different output fibers, for example. The HOE 100 

10 shown in FIG. 5 could also be used as a wavelength filter by routing only a desired 
propagation path to an output fiber. Thus, an integrated substrate and diffractive 
optical element, here in the form of the HOE 100, can reflect a signal into different 
reflected paths depending on wavelength. 

There are numerous ways to couple light signals into the substrate 102 for 

15 establishing TIR propagation. For example, sufficient methods include cleaving an 
input fiber, cleaving an edge of the substrate, providing a cleaved element between 
the optical fiber and the substrate, or some combination of these. FIG. 6 shows an 
exemplary way of coupling light into a substrate. Here, an optical fiber 202 is 
coupled to the substrate 102 via refractive element 203. The optical fiber 202 couples 

20 a diverging incident light beam 204 into the refractive element 203, formed of an 
optically transparent material with an index of refraction lower than that of the 
substrate 102. The refractive element 203 refracts the light 204 for TIR propagation 
in the substrate 102. The light beam 204 impinges on a focusing element 206, which 
in an embodiment is a HOE formed on the top surface 106 to collimate the spreading 

25 light beam 204 and to reflect it for travel under TIR within the substrate 102. The 
focusing element 206 can be any suitable HOE structure or may be formed according 
to the HOE 100, described above. Forming the focusing element 206 like that of the 
HOE 100 has the advantage of making device fabrication easier. The focusing 
element 206 has members 208, like members 108 of FIG. 1. Other than the focusing 

30 element 206 coupling light from the fiber 202, the structure in FIG. 6 is the same as 
that of FIG. 1. Thus, FIG. 6 shows another optical device that can be created using an 
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integrated substrate and diffractive optical element, a beam collimator in the form of 
the HOE 206. 

FIG. 6 also shows that multiple diffractive optical elements may be combined 
on a single substrate, and therefore integrated therewith, to form complex structures. 
5 The use of many diffractive optical elements performing similar or dissimilar optical 
functions allows for the creation of an integrated optical circuit using the disclosed 
devices and techniques. In the particular example, the focusing element 206 sends the 
collimated incident light 204 to the HOE 100 also formed on the same side of the 
substrate. The two-element structure, therefore, allows for both coupling and 

10 reflecting of the input signal. Reflected signal path 210 (having properties like that of 
path 116) is shown in FIG. 6. Other modifications to the depicted structure could 
exist, such as having the HOE 100 formed of curved strips that function both as a 
reflecting element and a converging or diverging lens or mirror. Adding multiple 
diffractive optical elements together has the advantage of allowing for the creation of 

15 integrated optical circuits and such integrated optical circuits could be more easily 
manufactured. Integrated optical circuits of reflectors, beam splitters, collimators, 
variable attenuators, diffraction gratings etc. may be designed. Furthermore, the 
ability to form, for example, the HOE 100 and the focusing element 206 on the same 
surface of the substrate 102 using a single photolithography process means not only 

20 easier device fabrication, but the alignment problems plaguing existing integrated 
optical circuit devices will be avoided as the desired alignment will be created 
through the photolithography development process. 

FIG. 7 shows a coupling alternative to FIG. 6 that does not use a collimating 
element like 206. Here, a substrate 220 has a cleaved side surface 222, which acts as 

25 a prism for incoming signals. At a 45° cut, the surface 222 will receive light signal 
224 from a collimating graded index lens (GRIN) 226 for TIR within the substrate 
220. The GRIN lens 226 may be coupled directly to a refractive element or a thin 
layer of anti-reflecting coating 228 that minimizes reflection losses. 

FIG. 8 shows an alternative HOE to those previously described. Whereas 

30 FIG. 1 shows a HOE in physical contact with a substrate, FIG. 8 shows an HOE 300 
is deposed above (i.e., out of physical contact with) a substrate 302, in which light 
304 passes through the substrate 302. Light beam 304 propagates within the substrate 
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302 under TIR. TIR propagation in the substrate 302 may be achieved from the 
coupling of light into the substrate, as discussed above. Furthermore, as with FIG. 1, 
TIR need only be established on a top surface 306 of the substrate 302 with mirrors or 
a reflective layer on a bottom surface 307 of the substrate, though preferably TIR 
5 would occur at both surfaces 306, 307. 

The HOE 500 is formed of strips 308 positioned above the top surface 306 of 
the substrate 302. The strips 308 cooperate with the substrate 302 like strips 108 in 
HOE 100, the difference being in FIG. 8 that the strips 308 need not be in direct 
physical contact with the top surface 306, but rather are in coupling contact with the 

10 substrate 302 through an evanescent field extending above the top surface 306 and 
created by the TIR propagation. In operation, a first portion of light beam 304 will be 
diffracted from the top surface 306 and a second portion will be coupled into the 
strips 308, such that the output from the strips 308 will cooperate with the reflected 
first portion to form a m— 1 order mode coinciding with reflected path 310. The 

1 5 unaffected reflection path, i.e., the m=0 mode is shown in 3 12. This condition may be 
thought of as frustrated total internal reflection. The reflected beam along path 310, 
in the preferred embodiment, will be made to reflect at an angle a (or 6 P ) to the 
direction of propagation of the incident beam 304 and within the substrate under TIR, 
as with the HOEs previously described. The HOE 300 may be formed similarly to 

20 that of HOE 100, except a sacrificial layer or spacer layer would be deposited on the 
substrate 302, in an initial step. After the depositing and photolithography steps 
described above, the sacrificial layer would be dissolved away or removed as a final 
processing step leaving the strips 308 within evanescent coupling distance to the 
substrate. To support the strips 308, standard anchoring portions would also be 

25 formed using MEMS processing. 

Many additional changes and modifications could be made to the invention 
without departing from the fair scope and spirit thereof. The scope of some changes 
is discussed above. The scope of others will be come apparent from the appended 
claims. 

30 



